DNA damage signaling pathways are initiated in response to chemical reagents and radiation damage, as well as in response to hypoxia. It is implicated that structural maintenance of chromosomes 1 (SMC1) is not only a component of the cohesion complex but also facilitates the activation of DNA damage checkpoint proteins. Here, we studied the mechanism of DNA damage checkpoint activated by ATR-SMC1 pathway when cells are treated with desferrioxamine (DFO), a hypoxia-mimetic reagent. We show that DFO treatment induces phosphorylation of SMC1 at Ser966, NBS1 at Ser343, Chk1 at Ser317, Chk2 at Thr68, and p53 at Ser15. Among these sites, phosphorylation of SMC1, NBS1, and Chk1 by DFO are mediated by ATR as it is greatly reduced in both ATR-deficient human fibroblasts and HCT116 human colon cancer cells in which ATR is heterozygously mutated, whereas these proteins are phosphorylated in cells deficient for ATM and DNA-PKcs. DFO-induced apoptosis is decreased in ATR-mutant HCT116 cells, although p53 is normally activated in those cells. Expression of SMC1 S966A in which Ser966 is substituted to Ala attenuates apoptosis and phosphorylation of Chk1 at Ser317 after DFO treatment, although levels of HIF1a are not significantly changed. These results suggest that DFO induces apoptosis through the ATR-SMC1 arm of the pathway.
1
Mechanisms of sensing and repairing damaged DNA are conserved among the species, supporting a notion that regulation of this pathway sensing DNA stress is crucial for the normal proliferation of the whole organism. When cells are DNA damaged, sensor molecules in this system detect them and activate the cell cycle checkpoint that induces growth arrest, whereas these damages are repaired by a mechanism such as homologous recombination or non-homologous endjoining. 2, 3 If not repaired properly, cells undergo apoptosis. It is implicated that several protein kinases are involved in this system, including ATM/ATR protein Ser/Thr kinases, and DNA-dependent protein catalytic subunit (DNA-PKcs). ATM, ATR, and DNA-PK belongs to phosphoinositide 3-kinaserelated kinase family and phosphorylates substrates, which are essential to transduce checkpoint signals to downstream effectors, those including the MRN (Mre11/Rad50/NBS1) complex, Fanconi anemia proteins, and the BRCA1 breast cancer tumor-susceptible protein. 4, 5 Hypoxia is commonly and frequently observed in solid tumors and results from the imbalance of oxygen supply and consumption by successive layers of tumor cells because of unregulated cell growth. 6 Because lesions of hypoxic tumor tissues are resistant to treatment and are associated with a poor clinical prognosis, tumor hypoxia is a main obstacle for therapeutic strategies. Cellular hypoxia results in a rapid reduction in ATP levels, activation of G1 phase cell cycle checkpoint, inhibition of DNA replication, decreased protein synthesis, and increased protein degradation. 7 Although hypoxia itself seems to be insufficient to induce DNA damage, it can induce genetic instability through resistance to apoptosis and decreased DNA repair in tumor tissue. 8 Once DNA damage signaling pathways are initiated in response to hypoxia and hypoxia reoxygenation, ATR protein is activated, leading to phosphorylation of p53 and Chk1 9 ATM is also required to phosphorylate p53 and activate G2 checkpoint after reoxygenation. 10 Previous study showed that, in contrast to IR-activated ATM, the hypoxia-induced activation of both ATR and ATM is independent of MRN complex, 11 indicating that there are alternative mechanisms for activating ATM/ATR under hypoxia condition.
Structural maintenance of chromosomes (SMC) proteins are evolutionarily conserved chromosomal proteins that are components of the cohesion complex, necessary for sister chromatid cohesion. 12 Also, SMC1, as a subunit of cohesion, is not only activates DNA repair but also facilitates the recruitment of checkpoint proteins, which activates the intra-S and G2/M checkpoints, indicating that the activation of SMC1 after DNA damage stresses is required for the G2/M checkpoint, as well for intra-S checkpoint. 13 SMC1 is phosphorylated at specific sites in response to IR in an ATM-dependent manner, and it is shown that phosphorylation of S957 and/or S966 of SMC1 is required for activation of the S-phase checkpoint in response to IR. 14 The same residues are phosphorylated after treatment with UV irradiation or hydroxyurea (HU) in an ATM-independent manner. Recent studies have also described that SMC1, together with other checkpoint signaling proteins, including p53, 53BP1, and Chk1/Chk2, was phosphorylated rapidly by ATR in ATMdeficient cell lines, 15 indicating that phosphorylation of SMC1, under conditions of DNA stress, has a crucial role in DNA damage response and subsequent activation of cell cycle checkpoint. Although hypoxia and reoxygenation after hypoxia also induce phosphorylation of Ser957 of SMC1 in human lymphocyte, 16 the mechanisms and the role of phosphorylated SMC1 in hypoxia remain unclear. Desferrioxamine (DFO) is used to induce hypoxic condition in cell culture, however, it is not well illustrated how it could activate DNA damage pathway. In the present studies, by taking advantage of a subset of specific mutant cell lines, we detailed how DFO activates DNA damage signaling. We describe that DFO-induced phosphorylation of SMC1 at Ser966 and Chk1 at Ser317 was dependent on ATR protein kinase, whereas HU-or neocarzinostatin (NCS)-induced phosphorylation of SMC1 and Chk1 was not abrogated in ATR-mutant cells. We show that expression of a phospho-deficient form of SMC1, SMC1S966A, can function as a dominant-negative molecule in DFO-induced apoptosis. These results suggest that phosphorylation of SMC1 at Ser966 by ATR has an essential role in inducing apoptosis under hypoxia conditions.
Results
DFO treatment induces phosphorylation of SMC1. It has previously been demonstrated that hypoxia condition generated by DFO, a hypoxia-mimetic and antioxidant agent, could induce p53-dependent checkpoint signaling in human peripheral blood lymphocytes. 17 We started to detail how DFO activates DNA damage pathway. Human colorectal carcinoma HCT116 cells were treated with DFO at different concentrations for 24 h, followed by treatment with either IR-mimetic agent NCS that can produce double-stranded breaks, 4 or DNA replication inhibitor HU for 30 min or 1 h (Figures 1a and b ). Cells were collected and total lysates were subjected to western blotting with antibodies for DNA damage-responsive proteins. It is well illustrated that phosphorylation of ATM Ser1981 is a readout of its activation. 18 NCS treatment weakly induced phosphorylation of ATM at Ser1981 in HCT116 cells (Figure 1a , lanes 2 and 3), but no significant phosphorylation was detected in DFO-and HU-treated HCT116 cells (Figure 1b) . Phosphorylation of NBS1at Ser343 was also weakly induced by DFO and NCS (Figure 1a ), but no additive or enhanced phosphorylation was observed by DFO plus either NCS or HU (Figures 1a and b) . Phosphorylation of Chk2 at Thr68 was weakly induced by higher concentration of DFO (300 and 500 mM) after long exposure of autoradiography, but it was much less than that induced by NCS treatment (Figure 1a ). This Chk2 phosphorylation was also induced by HU alone, but it was similar to the levels those induced by DFO treatment of high concentration (300 and 500 mM) (Figure 1b) .
Among the DNA damage-associated proteins studied, SMC1 was strongly phosphorylated at Ser966 by DFO, NCS, and HU treatment. Of note, ATM's activation is detected only with NCS treatment, suggesting that ATM is not involved in phosphorylation of SMC1 when cells are treated with DFO or HU. Supporting this notion, it is shown that Ser966 of SMC1 is phosphorylated by HU treatment through ATM-independent manner, whereas IR-induced phosphorylation at this site requires ATM and its substrates, such as NBS1 and BRCA1. 14 Together these results suggest that phosphorylation of SMC1 by DFO and HU does not require activation of ATM.
ATR is required for DFO-induced phosphorylation of SMC1. Previous reports have shown that ATM and ATR phosphorylate similar motifs of peptides under different conditions of DNA stress. 19 Recent works have also demonstrated that ATR is required for phosphorylation of checkpoint proteins, such as p53, SMC1, and Chk1/2, after IR in ATM-deficient cells. 15 As we showed in Figure 1 , phosphorylation of SMC1 at Ser966 by DFO does not require activated ATM. From these observations, we reasoned to identify the kinase that is responsible for phosphorylation of SMC1 at Ser966 when treated with DFO. We used three different human fibroblast cell lines, GM00200 (control, ATM( þ ), ATR( þ )), GM09607 (ATM(À)), and GM18366 (ATR(À)). When these cells were treated with DFO, phosphorylation of SMC1 at Ser966 was detected in control and ATM-deficient cells, but it was greatly decreased in ATR-deficient cell ( Figure 2 ). Although levels of SMC1 in GM18366 cells were lower than those in other two cell lines, and levels of SMC1 in GM09607 cells were slightly higher than those of GM00200 cells, NCS similarly induced phosphorylation of SMC1 in three of these cell lines, suggesting that this phosphorylation of SMC1 is ATM/ATRindependent, or ATM and ATR compensate individual deficiency. It is shown that phosphorylation of DNA-PKcs at Ser2056 indicates the readout of activation of the catalytic activity. 20 Although levels of DNA-PKcs among these three cell lines were different, DFO-induced phosphorylation of DNA-PKcs at Ser2056 was detected only in ATM-deficient cells. Phosphorylation of DNA-PKcs at this site in ATRdeficient cells, induced by NCS, was much weaker than those detected in control and ATM-deficient cells.
We further detailed the phosphorylation of SMC1 and other proteins involved in DNA damage pathway using isogenic HCT116 cell lines, those including HCT116-p53(À), ÀDNA-PKcs(À), and ATR(À/flox). [21] [22] [23] In HCT116-ATR(À/flox) cells, one allele of the ATR gene is deleted and the other allele is floxed, resulting in significantly decreased levels of the protein (Figure 3b As shown in previous studies, 11 we observed reduced level of ATM protein in DNA-PKcs(À) cells compared with parental HCT116 (data not shown). Nevertheless, phosphorylation of SMC1 at Ser966 in HCT116-DNA-PKcs(À) cells was similarly induced to the levels of the parental HCT116 cells in response to these three chemicals (Figures 3a and b) . This phosphorylation of SMC1 induced by NCS was weaker in HCT116-ATR(À/flox) cells, compared with the parental and HCT116-DNA-PKcs(À) cells (Figure 3a, lanes 6 and 9) . Interestingly, phosphorylation of Chk2 at Thr68 by DFO was not detected in HCT116-DNAPkcs(À) cells, indicating that DNA-PKcs is essential for this phosphorylation of Chk2 (Figure 3c ). Of note, phosphorylation of p53 at Ser 15 and Ser20 is similarly induced by DFO and HU in parental HCT116, HCT116-ATR(À/flox), and HCT116-DNA-PKcs(À) cells (Figure 3b ). As DFO is a hypoxia-mimetic reagent, treatment of these HCT116 variants with DFO induced HIF1a as previously reported, 24 although levels of an induced protein are different among these four cell lines.
These results implicate that DFO activates two arms of signaling pathways. Thus, one is to phosphorylate SMC1 at Ser966, NBS1 at Ser343, and Chk1 at Ser317 in an ATRdependent manner, and the other is to phosphorylate Chk2 at The68 in DNA-PKcs-dependent manner.
ATR is necessary for DFO-induced apoptosis. It is shown that anoxia or hypoxia induces a G1 and intra-S phase arrest. 10 As DFO is widely used to induce hypoxia condition in cell culture, 25 we studied the role of ATR in DFO-induced We further detailed the role of ATR and phosphorylation of SMC1 at Ser966 in regulating apoptosis, in particular. HCT116-ATR(À/flox) cells were transfected with a plasmid expressing Cre-recombinase fused with GFP protein (Cre-GFP) to delete the remaining ATR allele. Cells were then treated with DFO, NCS, or HU for 24 h, followed by Annexin V staining to measure apoptosis (Figure 5a ). DFO treatment induces apoptosis in parental HCT116 cells by B2.5-fold (from 11.6 to 29.4%). Basal levels of apoptosis of Cre-transfected HCT116-ATR(À/flox) are higher (17.8%) than parental HCT116 cells (11.6%), indicating that the loss of both the alleles of ATR is intrinsically apoptotic. Level of apoptosis of HCT116-ATR(À/flox) cells was slightly increased (23.9%) after DFO treatment (B1.3-fold) (Figure 5a ). When Cre-GFP-transfected HCT116 cells were treated with either NCS or HU, induction of apoptosis was B2.4-and B2.0-fold, respectively. Levels of apoptosis of Cre-GFP-transfected CT116-ATR(À/flox) cells, treated with NCS and HU, were similar to those of parental HCT116 cells by B2.3-and B2.0-fold, respectively. These results are schematically indicated in Figure 5b . These results demonstrate that DFO-induced apoptosis is significantly reduced when ATR is inactivated.
ATR-dependent phosphorylation of SMC1 at S966 is required for DFO-induced apoptosis. On the basis of the results demonstrated in Figure 1 , we hypothesized that this ATR-mediated phosphorylation of SMC1is involved in DFOinduced apoptosis that is shown in Figure 5 . We explored transient expression of a phospho-deficient mutant form of SMC1 in cell culture. 293T cells and HCT116 cells were transfected with an empty vector or a plasmid expressing a Myc-tagged mutant SMC1 in which Ser966 is substituted by Ala (SMC1S966A) (Figures 6a and b , see Kim et al 14 ) , and we analyzed apoptotic phenotype after DFO treatment. The expression of mutant SMC1 was confirmed by immunoblotting of anti-Myc antibody. As described in Figure 3 , phosphorylation of both Chk1 at Ser317 and NBS1 at Ser343 were induced with DFO treatment in both cell types, but it was weakly decreased in when SMC1S966A was expressed (Figure 6a, lanes 2 and 6; Figure 6b , lanes 2 and 5). It is well illustrated that hypoxia condition induces HIF1a, a transcription factor that has an essential role in cellular and systemic responses to hypoxia. 25 As shown in Figure 6a , DFO induced HIF1a in 293T cells, and levels of HIF1a were not significantly changed when SMC1 S966A was expressed (Figure 6a, lanes 2 and 6) .
To further elucidate the biological roles of SMC1 pathway, we studied whether DFO-induced apoptosis could be modulated by expressing a phospho-mutant form of SMC1, SMC1S966A. After transient transfection of both 293T cells and HCT116 cells with SMC1S966A, cells were treated with DFO, and apoptosis was measured by Annexin V staining. As shown in Figures 6c and d These results indicate that SMC1S966A functions as a dominant-negative protein for DFO-induced apoptosis, and suggest that ATR-mediated phosphorylation of SMC1 at Ser966 is important for this phenotype.
Discussion
Activation of DNA damage response occurs when cells are exposed to a series of stresses, such as IR, UV, and hypo-or hyperoxidative conditions. DFO, which is used to induce hypoxia conditions, has genotoxic effects on human lymphocytes cell culture, 17 and induces apoptosis through the p38/caspase 8/Bid/Bax pathway, 24 whereas anti-apoptotic functions of DFO has also been observed in erythrocytes. 26 Thus, regulation of apoptosis by DFO is cell contextdependent. In the current study, we investigated DFOinduced DNA damage pathway and characterized phosphorylation of proteins that are involved in apoptosis.
It is reported that phosphorylation of SMC1 at Ser966 does not occur immediately under conditions of hypoxia, and is detected after 8 h when human lymphocytes were exposed to hypoxia condition. 16 Consistent with this, we found that phosphorylation of SMC1 at Ser966 is detected at 24 h after DFO treatment, whereas the phosphorylation at the same residue is detected and reaches to the peak within 30 min when cells are treated with NCS. Thus, phosphorylation of SMC1 is differentially regulated by hypoxia from genotoxic chemicals.
Interestingly, compared with NCS-induced phosphorylation of ATM at Ser1981, occurring within 30 min, this ATM phosphorylation was not detectable when HCT116 cells were treated with DFO. Levels of phosphorylation of ATM at Ser1981 were also low in U2OS human osteosarcoma cell line when treated with DFO (data not shown). Given the strong phosphorylation of SMC1 at Ser966 by DFO treatment, it is conceivable that this SMC1 is phosphorylated in an ATMindependent manner. However, recent studies have described that ATM is both phosphorylated and activated during exposure to hypoxia and that a mechanism of this ATM activation by hypoxia is independent of NBS1 and MRE11, 11 suggesting that mechanism of activation of DNA damage pathway induced by hypoxia is different from that induced by DFO.
It is shown recently that p53, SMC1, p53-binding protein (53BP1), and Chk1/2 are phosphorylated by ATR in response to IR in ATM-, Mre11-, and cell cycle-independent manners. 15 As demonstrated in Figure 2 , we found that DFO-induced SMC1 phosphorylation at Ser966 was significantly lowered in (e) Levels of Myc-tagged SMC1S966A and phosphorylation of endogenous SMC1 at Ser966 were compared in HCT116 and 293T cell lines. The phosphorylation and expression of proteins were analyzed by densitometry as described in Figure 1 ATR-deficient fibroblasts, but not in ATM-deficient cells. Phosphorylation of SMC1 at Ser966 by NCS was detected in HCT116-ATR(À/flox) cells, although it is slightly weaker than the other cell lines examined. Given that this phosphorylation of SMC1 by DFO is greatly reduced in HCT116-ATR (À/flox) cells, these results implicate that ATR is critical for SMC1's phosphorylation in DFO pathway. Recent studies have illustrated that phosphorylation of SMC1 is required for the activation of S-phase checkpoint after IR, and phosphorylation of NBS1 is essential for this phosphorylation of SMC1. 27 Our results showed that DFO induces strong phosphorylation of SMC1 at Ser966, although phosphorylation of NBS1 at Ser343 is quite low in wild-type ATR cells (Figure 1 ). Taken together, we consider that SMC1 can be activated by at least two distinct pathways, one is ATM/NBS1/SMC1 in response to IR and the other is ATR/SMC1 in response to DFO (Figure 7) .
Our results demonstrated that phosphorylation of Chk2 at Thr68 is impaired in DFO-treated HCT116-DNA-PKcs(À) cells. Recent studies have shown that inactivation of DNAPKcs by siRNA or kinase inhibitor, Nu7026, results in dysfunction of mitotic checkpoint and attenuation of Chk2 phosphorylation at Thr68 in response to IR. 28 Together with our results, both DFO and IR may activate DNA-PKcs to induce phosphorylation of Chk2.
In 293T cells expressing SMC1 S966A, phosphorylation of Chk1 at Ser317 was slightly lowered but HIF1a levels were not changed significantly after DFO treatment compared with control cells. Induction of HIF1a by DFO was detected in all of the isogenic HCT116 variants examined, although HCT116-ATR(À/flox) cells constitutively underwent apoptosis even without DFO treatment. Therefore, it remains to be elucidated whether induction of HIF1a is essential for DFO-induced apoptosis. Thus, it is suggested that DFO induces apoptosis in ATR/Chk1-dependent but not in HIF1a-independent pathway.
It remains to be clear how phosphorylated SMC1 produces apoptotic signals. Although it is well known that the phosphorylation of SMC1 is required for the IR-induced S-phase cell cycle checkpoint 14 and also associated with G2/M checkpoint as a subunit of cohesion with SMC3, 13 these studies have not directly addressed how SMC1 regulates apoptosis. As one possible model, it is plausible that SMC1 phosphorylated at Ser966 specifically binds to subsets of cellular proteins, generating proapoptotic complex. This model is raised by recent studies demonstrating that SMC1 phosphorylated at both Ser957 and Ser966 preferentially binds to Rae1, a microtubule-bound RNA export factor 1, at the mitotic spindle pole. 29 These studies suggest that phosphorylation status of SMC1 can determine its intermolecular interaction with cellular components. Identification of proteins that preferentially binds to phosphorylated SMC1 is in progress. Figure 7 Schematic presentation of pathways indicating SMC1 is involved in DFO-induced apoptosis flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Apoptosis was determined by Annexin V-FITC Apoptosis Detection Kit (EMD Chemicals, Gibbstown, NJ, USA) according to manufacturer's protocol. In addition to antiannexin-FITC antibody, PI was used to distinguish between viable, early apoptotic and necrotic, or late-apoptotic cells. Chemical-induced apoptosis was determined as fold induction compared with that in mock-treated cells. The data were analyzed with CellQuestPro software (BD Biosciences).
Transfection. Transient transfection of both wild-type HCT 116 and HCT116-ATR(À/flox) cells with a plasmid expressing Cre-GFP fusion protein was performed for 48 h with Lipofectamin 2000 (Invitrogen) according to manufacturer's instruction, followed by treatment with DFO or HU for 24 h. Transfection efficiency was monitored by green fluorescent signals of Cre-GFP under the microscope. GFPnegative cells were excluded by gating with side scatter (SSC) and Green fluorescent channel (FL1), and then GFP-positive/apoptotic cells were analyzed by AnnexinV-APC Apoptosis detection kit (eBioscience, San Diego, CA, USA) and PI according to manufacturer's instruction.
Statistical analysis and densitometry. Data are shown as mean ± S.D. of one of the representative experiment from two to three independent experiments. The significance of differences in the mean values was determined by the two-tailed unpaired Student's t-test. P-values o0.05 were considered to be statistically significant. The level of phosphorylation and expression of proteins were measured by densitometry using ImageJ software (National Institutes of Health) and the data were expressed as arbitrary units relative to band intensity of total protein or internal control.
